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Human cells depleted of the naturally occurring polyamines putrescine, spermidine, and spermine exhibit altered chromatin structure and marked
deficiencies in DNA replicative and repair processes. Similar effects have been observed following treatment of normal mammalian cells with vari-
ous heavy metal salts. In an attempt to better understand how metals interfere with normal DNA metabolic processes, a series of studies was car-
ried out in which the toxicity and repair-inhibitory properties of various metals were evaluated in polyamine-depleted Hela cells. Cytotoxicity of
copper, zinc, magnesium, and cadmium was not altered in cells carrying lower polyamine pools. However, the sensitivity to nickel was markedly
increased upon polyamine depletion, a condition that was readily reversed by polyamine supplementation. Nucleoid sedimentation analysis indicated
that a greater amount of nickel-induced DNA damage occurred in polyamine-depleted cells than in normal cells, possibly serving as the basis for the
increased sensitivity. Both polyamine depletion and nickel treatment result in decreased repair of DNA strand breaks and decreased cloning effi-
ciency following X-ray and ultraviolet irradiation. Nickel treatment of polyamine-depleted cells resulted in synergistic sensitivity to both radiation treat-
ments. None of the other metals tested enhanced X-ray or ultraviolet sensitivity of polyamine-depleted cells. Analysis of retarded repair sites
following ultraviolet irradiation indicated those sites to be nonligatable in polyamine-depleted and nickel-treated cells, suggesting a block in the nor-
mal gap-sealing process. — Environ Health Perspect 102(Suppl 3):51-55 (1994).
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Introduction

Considerable evidence now exists suggest-
ing that heavy metals interfere with nor-
mal cellular DNA repair processes and that
this may result in potentiation of the
mutagenic, clastogenic, and carcinogenic
effects induced by a variety of agents (1,2).
Due to the tremendous complexities
inherent in cellular metal interactions, the
exact nature of this interference is likely to
be very difficult to ascertain. However,
some clues may be obtained from studies
in which repair responses are measured in
cells that have been additionally pharma-
cologically altered. For example, enhanced
effects of metals on repair have been
observed in human cells depleted of non-
protein thiols (3), the largest effects being
observed with thiol-reactive metals. These
findings are consistent with a number of
interpretations and may serve only to
underline the probable importance of cel-
lular thiol balance for DNA repair.
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The present study was similarly designed
to examine effects of metals in human cells
depleted of the naturally occurring
polyamines putrescine (PUT), spermidine
(SD), and spermine (SP). It has been previ-
ously demonstrated that treatment of
human cells with a-difluoro-methyl-
ornithine (DFMO), an inhibitor of
polyamine biosynthesis, depletes cells of
PUT and SD, and results in altered chro-
matin structure (4), and deficiencies in
repair of both X-ray- (5) and ultraviolet-
induced (6) DNA lesions. Moreover,
DFMO-treated mammalian cells also
exhibit altered sensitivities to a variety of
chemical agents (7). The cause of these
altered sensitivities is not clear but could
relate either to modified chromatin struc-
ture or the deficiencies in repair in the
polyamine-depleted condition. It was
hoped that an examination of the effects of
metals in polyamine-depleted cells might
help to identify points at which metals
interact in their modulation of cellular
responses to DNA damaging insults.

Materials and Methods

Cell Culture, Metal Treatment, and
Polyamine Depletion
Human HelLa cells were cultured in minimal

essential medium containing 10% fetal
bovine serum at 5% CO, and 37°C.

Cultures were depleted of cellular
polyamines by treatment with DFMO
(Marion Merrell Dow, Cincinnati, OH)
for 48 hr, 2.5 mM with or without the
addition during the last 24 hr of a second
inhibitor of polyamine biosynthesis, MDL
73,811 (50 pM) (Marion Merrell Dow).
Metal salts (reagent grade) were made up as
100x stock solutions in HEPES/glucose
buffer (50 mM HEPES, 100 mM NaCl, 5
mM KCI, 5 mM glucose, 2 mM CaCl,,
pH 7.2). For all experiments, medium was
removed from dishes and cultures were
treated with metal in buffer for 2 hr.
Nonmetal-treated cultures received
HEPES/glucose for 2 hr. The 2-hr treat-
ment of cells with buffer alone did not
affect viability or cloning efficiency. Metal
salts employed in this study were
NiCl,-6H,0, CdCl,:2.5 H,0, CuCl,.
2H,0, ZnCl,, and MgCl,-6H,O.

Colony-Forming Ability

The ability of HeLa cells to form colonies
was assessed by reseeding appropriately
treated cultures at 500 to 1000 cells per
dish, allowing 7 days growth, methanol fix-
ation, and Dif-Kwik (Baxter Healthcare)
staining of dishes for colony counting.
Untreated HelLa cells exhibit approxi-
mately 25 to 40% colony-forming ability
whereas DFMO and DFMO/MDL

51



R. D. SNYDER

Table 1. Effects of polyamine biosynthesis inhibitors on cellular polyamine pools.

Treatment Putrescine, %° Spermidine,% Spermine, %
Control 100 100 100
DFMO° 443 167 9814
DFMO/MDL 73,811° 711 22+3 38+20

2 Polyamine levels in untreated control cells were 725 + 110, 3250 + 635 and 4080 + 229 pmole/1 0% cells for putrescine,
spermidine, and spermine, respectively. b25 mM, 48 hr. ©2.5mM DFMO, 48 hr, 10 yM MDL 73,811, last 24 hr.

Table 2. Effects of metal treatment on colony-forming ability of normal and polyamine depleted Hela cells.

Approximate [Cey, pM?

Control DFMO? DFMO/NDL 73,811°
Cu®* 30 30 30
o 30 20 25
Mg?* >10,000 >10,000 10,000
Cd?* 28 2 35
NiZ* 920 77 85

#Two-hour treatment of cultures in HEPES/glucose buffer with or without metal salt. Cells immediately harvested and

replated at clonal density for determination of colony-forming ability.

MDL 73,811, last 24 hr.

73,811-treated cultures clone at 25 and 5%
respectively.

Polyamine Analysis
Cellular polyamine levels were measured by

reversed phase HPLC as described previ-
ously (8).

Irradiation

X-irradiation of cultures was carried out in
complete growth medium in a TFI Bigshot
X-ray unit (TFI Corp., West Haven, CT)
run at 3 mA, 50 KV, 1.5 mm Be filtration,
and generating 1.6 Gy/min. Ultraviolet
irradiation was carried out on medium
using a GE germicidal lamp emitting 1.2
J/M?/sec at 19 in. All media were removed
during UV irradiation.

Nucdleoid Sedimentation Analysis of
DNA Strand Breaks and Repair
Nucleoid sedimentation was performed
basically as described by Cook and Brazell

(9) with modifications described in detail

elsewhere (3).

%5 mM, 48 hr. ©2.5 mM DFMO, 48 hr/10 yM

Structure of Repairing Sites

To determine the molecular structure of
aborted repairing sites, a modification of
the procedure of Cleaver (10) was
employed as described previously (6).
Basically, the assay measures the ability of
exonuclease III to remove repair-incorpo-
rated [3H]—bromodeoxyuridine from puri-
fied cellular DNA following treatment of
that DNA with T4 DNA ligase. See foot-
notes to Table 5 for details.

Results

Inhibition of the intracellular polyamine
biosynthetic enzymes, ornithine decarboxy-
lase (ODC) and S-adenosylmethionine
decarboxylase (SAMDC) by a-difluoro-
methylornithine (DFMO) (/1) and MDL
73,811 (12), respectively, results in a pre-
dictable reduction in polyamine pools.
Table 1 demonstrates that DFMO treat-
ment markedly reduces PUT and SD but
has little or no effect on SP pools. All three
polyamines can be reduced by combined
inhibitor treatment. These effects have
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Figure 1. Effect of nickel on colony-forming ability of
polyamine-depleted Hela cells. Untreated (M) or DFMO-
treated (O) cultures were exposed to nickel for 2 hr in
HEPES/glucose buffer and immediately harvested and
reseeded at clonal density for colony formation. In some
cases, 1 mM putrescine was added to DFMO-treated
cultures for 3 hr prior to nickel treatment (CJ) or at the
time of reseeding (A). Results are averages of three to
seven determinations. Error was less than 10% for all
determinations.

been well studied and the above results are
consistent entirely with what is known
regarding modulation of cellular polyamine
levels with these inhibitors.

It was discovered that polyamine-depleted
HeLa cells exhibited increased sensitivity to
killing by NiCl,, whereas sensitivity to
Cu?*, Zn**, Mg?*, and Cd** was not
markedly affected (Table 2). Since the Ni?*
sensitivity of double inhibitor-treated cul-
tures was similar to that of DFMO-treated
cultures, all subsequent studies involving
colony-forming ability were conducted
with DFMO-treated cultures. As shown in
Figure 1, a 3-hr treatment with 1 mM
PUT prior to Ni** exposure completely
restored normal sensitivity to Ni~*, whereas
PUT addition after Ni** exposure (at the
time of reseeding) had no such protective
effect. The basis for the increased sensitivity
in polyamine-depleted cells appears to be
an increased amount of Ni?*-induced
DNA damage. Table 3 demonstrates that
DNA single-strand breaks are seen in con-
trol HeLa cells only after exposure to about
225 pM NiCl,. In contrast, breaks are

Table 3. DNA strand breaks induced by nickel treatment in normal and polyamine-depleted HeLa cells and their rates of repair.

NiCl, Dose (1M)° 25 77 225 450 920 Te Ty
Control 0 0 40° 80 20040 26 39
DFMO 11030 215£20 >300 >300 >300 28 40
DFMO/73,811 ND 24030 280 >300 >300 ND ND

ND=not determined. “HeLa cells were treated for 2 hr with metal in HEPES/glucose buffer at the indicated dose and immediately harvested for DNA strand-break analysis by nucleoid
sedimentation. Time in hours required for return of nucleoids to 50 and 75% normal sedimentation position in gradients. Controls and DFMO-treated cultures were treated with 450
and 20 uM NiCl,, respectively. ¢ X-ray doses from 20 to 300 rads produce a linear decrease in sedimentation of nucleoids through neutral sucrose gradients (5), allowing calibration of

metal-induced DNA breaks in rad equivalents as presented.
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Figure 2. Effect of nickel on X-ray sensitivity of
polyamine-depleted Hela celis. Untreated (O), DFMO-
treated (@), nickel-treated for 2 hr at 1 mM in HEPES/glu-
cose (), or DFMO/80 pM nickel-treated (m) cells were
X-irradiated over an appropriate dose range and immedi-
ately reseeded at clonal density in the absence of drug or
metal for colony-forming ability. Control and DFMO data
are derived from at least ten experiments; nickel and
DFMO/nickel data are the means of three determinations.

clearly observed in polyamine-depleted
cells following doses as low as 25 pM
NiCl, (lower doses were not examined).
Since, in these studies, cells are analyzed for
DNA breaks after extended exposure to
metal, breaks observed result both from
direct Ni**-induced DNA damage and as a
consequence of the excision repair process
operating at those sites. To determine if the
apparent increased damage was due to
retarded break resealing, repair was moni-
tored as a function of time. Table 3 shows
that following NiCl, exposures that
induced roughly the same amount of dam-
age, the rate of disappearance of breaks was
similar in untreated and DFMO-treated
Hela cells. Thus it is likely that the eleva-
tion of single-strand breaks was due to
increased yield of damage in polyamine-
depleted cells.

Polyamine-depleted HeLa cells exhibit
increased radiosensitivity relative to normal
cells (Figure 2). The D, (the reciprocal of
the slope of the terminal linear region of
the survival curve) was 4.25 and 2.8 Gy for
control and DFMO-treated cultures,
respectively. This translates to a reduction
in the X-ray IC, for killing from 3.72 Gy
to 1.93 Gy. HeLa cells treated for 2 hr
with 1 mM NiCl, also showed enhanced
radiosensitivity (D;=3.50 Gy, X-ray
IC5;,=3.10 Gy). Treatment of DFMO-
treated cultures with 80 pM NiCl, for 2 hr
(a metal dose that resulted in equivalent
lowering of colony forming ability to that
of nonpolyamine-depleted cells) resulted in
an even greater radiosensitivity (D,=2.07
Gy, X-ray IC=1.51 Gy).
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EFFECTS OF METALS ON REPAIR IN POLYAMINE-DEPLETED CELLS

Polyamine-depleted cells have also been
shown to exhibit retarded sealing of X-ray-
induced DNA strand breaks (5). Figure 3
demonstrates that this inhibition is very
apparent at short times after irradiation
and that by 4 hr most breaks are sealed, as
suggested by the return of nucleoids to the
nonirradiated control position in the gradi-
ent. We have also previously reported that
repair of X-ray breaks is retarded in cells
treated with NiCl, (13). To reexamine this
in DFMO-treated cells, NiCl, doses were
chosen to minimize the background of DNA
breaks induced by metal treatment alone.
Thus, control and DFMO-treated cells
were exposed for 2 hr to 200 and 25 pM
NiCl,, respectively, prior to irradiation.
Nucleoid sedimentation under these condi-
tions was nearly normal and was used as the
baseline for all subscqucnt X-ray studies.
Figure 3 shows that Ni** alone has weak
activity in retarding repair but appears syn-
ergistic in this regard in DFMO-treated
cells with only 20% recovery seen at 4 hr
postirradiation. Under these treatment
conditions and X-ray dose (16 Gy) CFA
was 4, 4, 0.5, and 0.09% for control, con-
trol+Ni**, DEMO, and DEMO+Ni*,
respectively. These studies suggest that
Ni?*-induced radiosensitivity may be due
to a potentiation of the already weakened
repair response of polyamine-depleted cells.

DFMO-treated cells are also sensitive to
UV irradiation (6). In the present studies,
the UV dose required for 90% killing was
reduced from 30 to 19 J/M? in DFMO-
treated cells (Table 4). Nickel did not
markedly enhance UV Kkilling of either
control or DFMO-treated cells when
administered at its IC, dose in each case.
Cells allowed to repair for 1 hr following
irradiation exhibit repair-dependent DNA
breaks which are greatly enhanced when
repair occurs in the presence of repair
inhibitors such as 4r2-C (Table 4). Both
DFMO- and nickel-treated cultures exhibit
more such breaks than controls and addi-
tivity is seen upon combined treatment.
Thus, UV repair appears to, be affected
similarly to X-ray repair by Ni** treatment.

Cleaver (10) developed an assay for
probing both the completeness of excision
repair and the structure of aborted or
retarded repairing sites. In that assay, cellu-
lar DNA containing repair-incorporated
[ H] bromodeoxyundme was purified from
isopycnic cesium chloride gradients and
digested with exonuclease III. Radioactivity
released was assumed to be at sites that had
not completed repair. If extensive DNA
ligase treatment prior to exonuclease diges-
tion reduced the amount of released radio-
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Figure 3. Effect of nickel on the resealing of X-ray
induced DNA single-strand breaks. Cultures were irradi-
ated with 16 Gy X-rays and either harvested immediately
or incubated in fresh nondrug/metal containing media for
the appropriate periods of time prior to harvesting and
analysis of DNA strand breaks by nucleoid sedimentation.
Percent repair refers to the restoration of the sedimenta-
tion of nucleoids to their unirradiated position in the gra-
dient. Untreated control (O), DFMO-treated (@), 200 yM
NiCl,, 2hr HEPES/glucose (4}, DFMO/ 25 puM NiCl,, 2hr
HEPES/glucose (M). Data are single determinations
except where error bars designate the mean + SE of three
to nine separate determinations.

label, it was concluded that the incomplete
sites were capable of being ligated. We used
this assay previously to demonstrate that
retarded repairing sites in DFMO-treated
cells were not ligatable, i.e., gaps rather than
nicks. Table 5 confirms these results and
extends the findings to nickel treatment.
Exonuclease III releases radiolabel from
UV-irradiated Ni**-treated cells and T4
DNA ligase does not reduce this. Consistent
with the UV repair data above, nickel treat-
ment of polyamine-depleted cells leads to
further increased release of radiolabel. It is
concluded from these studies thar Ni**-
treatment impedes repair most likely
through inhibition of the gap sealing process.

Discussion

The present studies indicate that HeLa cells
depleted of PUT and SD are hypersensitive
to killing by Ni?* but not by several other
divalent metal cations. This sensitivity is
not augmented by additional inhibitor
treatments that also reduce cellular SP pools,
suggesting that SP may not play a role in
modulating sensitivity to nickel. Putrescine
supplementation readily restores nickel sen-
smvnty In the polyamine-depleted state,
Ni?* apparently induces more DNA dam-
age (Table 3), which probably accounts for
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Table 4. Effects of nickel treatment on sensitivity to ultraviolet light in polyamine-depleted Hela cells.

Treatment UV ICqy (I/M? Rad equivalent DNA breaks”
Control 30 60
DFMO 19 125
NiCl,, 80 uM 28 80
NiCl,, 200 M 2 150
DFMO/25 uM NiCl, ND 135
DFMO/80 uM NiCl, 16 240
ara-C, 20 yM ND 290

ND = not determined. Cultures were irradiated with 2.0 J/M? UV,54 and incubated for 1 hr in fresh medium containing no
inhibitors (except in case of ara-C, in which inhibitor was added only during postiradiation incubation). After incubation,
cells were harvested and analyzed for DNA strand breaks by the nucleoid sedimentation assay. UV dose which reduces
cloning efficiency by 90%. ®Rad equivalent breaks calculated from nucleoid position in gradients after correction, where

necessary, for nickel-induced breaks.

Table 5. Ligase sensitivity of retarded repairing sites in nickel-treated UV-irradiated Hela cells.

%H released by exonuclease Il (cpm)

Treatment (-)Ligase (+)Ligase"
Control 147 (3)F 211 (4)

Control plus ara-C 1490 (31) 1950 (37)
DFMO 1114 (23) 1226 (24)
Nickel, 920 yM; 2 hr pre-UV 1080 (21) 950 (22)
Nickel, 77 pM; 2 hr pre UV 215 (6) 209 (8)

DFMO/ 77 uM nickel 2424 (42) 2618 (48)

Cultures were irradiated with 20.0 J/M? of UV, light and allowed to repair in the presence of 4 uCi/dish [3H] bro-
modeoxyuridine (Amersham, 40 Ci/mmole). Parental density DNA from 1x10 cells was recovered from neutral
cesium chloride densit! gradients. For enzyme probing, approximately 5000 cpm of repair-incorporated DNA was

used per reaction tube.

E. coli exonuclease lll added at 75 u/~=pg DNA, 30 min, 37°C. %14 DNA ligase added at 50 u/pg

DNA, 30 min, 37°C. “Number in parentheses is percent of total repair-incorporated label.

the increased sensitivity. Increased DNA
damage is also readily reversible by PUT
addition (not shown). There are at least two
explanations for this increased DNA dam-
age. First, nickel is known to complex with
amines (14) and it is possible that removal of
millimolar concentrations of polyamines
allows more free Ni** to enter the nucleus.
Alternatively, chromatin structural alter-

ations associated with polyamine depletion
(4) may make the DNA more accessible to
nickel ion. Costa et al. have demonstrated a
dependency for Ni** binding to DNA on
chromatin structure (15-17). Although the
exact nature of the chromatin changes associ-
ated with DFMO treatment are not known,
it is not unreasonable to assume that they

might allow for greater nickel interactions
with DNA.

Inhibition of DNA repair processes by
nickel has been previously reported
(13,18-20) but little is known of the nature
of this effect. Thiol depletion in HeLa cells
enhanced nickel toxicity approximately 40-
fold but did not markedly enhance the
radiosensitization of those cells by nickel (3).
In contrast, polyamine depletion enhanced
nickel toxicity about 10-fold (Figure 1) and
also resulted in apparent synergistic effects
on X-ray repair (Table 3; Figures 2,3) and at
least additive effects on UV repair (Table 4).
The present studies do not allow a determi-
nation of how polyamine depletion accentu-
ates the repair inhibitory properties of nickel.
As argued above, however, it is possible that
more uncomplexed Ni”* is available for
interaction with cellular macromolecules or
repair enzymes. The recent finding by
Hartwig et al. (20) that Mg** antagonizes
the repair inhibitory effects of Ni™" is consis-
tent with the notion that metals might act
through altering the catalytic function of
repair enzymes. Polyamines may serve many
of the same cellular functions as Mg™* and
have been shown to stimulate repair
enzymes (21), presumably through stabiliza-
tion of enzyme/DNA complexes. A likely
scenario, then, is one in which repair
enzymes have difficulty in interacting with
DNA due to the deficiency of cellular
polyamines following DFMO treatment.
These enzymes are then further susceptible
to interaction with other cations, e.g., NiZ*,
which may additionally compromise their
catalytic functions.

REFERENCES

Snyder RD. Modulation of DNA repair by metals. In: Biological

Effect of Heavy Metals Vol 2 (Foulkes EC, ed). Boca Raton,

FL:CRC Press, 1990;77-93.

Gebhart E, Rossman TG. Mutagenicity, carcinogenicity and terato-

genicity. In: Metals in the Worlcrl}: Part 1. (Merian E, ed).

Weinheim:Verlag Chemie, 1984;Chap 13.

Snyder RD, ].a:ﬁma.nn PJ. Thiol involvement in the inhibition of

DNA repair by metals in mammalian cells. ] Mol Toxicol

2:117-128 (1989).

Snyder RD. Polyamine depletion is associated with altered chro-
matin structure in HeLa cells. Biochem ] 260:697-704 (1989).

Snyder RD. Inhibition of X-ray induced DNA strand break repair
i(n pol)yamine-depleted HeLa cells. Int ] Rad Biol 55:773-782
1989).

Snyder RD, Sunkara PS. Effect of polyamine depletion on DNA

damage and repair following UV irradiation of HeLa cells.
Photochem Photobiol 52:525-532 (1990).

Porter CW, Janne J. Modulation of antineoplastic drug action by

inhibitors of polyamine biosynthesis. In: Inhibition o; Polyamine

Metabolism. Biological Significance and Basis for New Therapies

(McCann PP, Pegg AE, Sjoerdsma A, eds). Orlando, FL:Academic

Press,1987;203-248.

Bowlin TL, McKown BJ, Sunkara PS. Ornithine decarboxylase

10.

11.

12.

13.

14.

induction and polyamine biosynthesis are required for growth of
interleukin-2 and interleukin-3-dependent cell lines. Cell Immunol
98:341-350 (1986).

Cook PR, Brazell IA. Detection and repair of single strand breaks
in nuclear DNA. Nature 263:679-682 (1976).

Cleaver JE. Specificity and completeness of inhibition of DNA
repair by novobiocin and aphidicolin. Carcinogenesis 3:1171-1174
(1982).

Metcalf BW, Bey P, Danzin C, Jung MJ, Casara P, Vevert JP.
Catalytic irreversigle inhibition of mammalian ornithine decarboxy-
lase by substrate and product analogs. ] Am Chem Soc
100:2551-2553 (1978).

Danzin C, Marchal P, Casara, P. Irreversible inhibition of rat S-
adenosylmethionine decarboxylase by 5° ([(Z)-4-amino-2-butenyl}-
methylamino)-5’-deoxyadenosine. Biochem Pharmacol
40:1499-1503 (1990).

Snyder RD, Davis GF, Lachmann PJ. Inhibition by metals of X-ray
and ultraviolet-induced DNA repair in human cells. Biol Trace
Element Res 21:389-398 (1989).

Nieboer E, Maxwell RI, Stafford AR. Chemical and biological reac-
tivity of insoluble nickel compounds and the bioinorganic chem-
istry of nickel. In: Nickel in the Human Environment (Sunderman
FW Jr, ed), IARC Scientific Publications No. 53 Lyon:

Environmental Health Perspectives



15.

16.

17.

18.

International Agency for Research on Cancer,1984;439-472.

Sen P, Conway K, Costa M. Comparison of the localization of
chromosome damage induced by calcium chromate and nickel
compounds. Cancer Res 47:2142-2148 (1987).

Sen P, Costa M. Induction of chromosomal damage in Chinese
hamster ovary cells by soluble and particulate nickj compounds:
preferential fragmentation of the heterochromatic long arm of the
X-chromosome by carcinogenic crystalline NiS particles. Cancer
Res 45:2320-2325 (1985).

Sen P, Costa M. Pathway of nickel uptake influences its interaction
with heterochromatic DNA. Toxicol Appl Pharmacol 84:278-285
(1986).

Hartwig A, Beyersmann D. Enhancement of UV-induced mutagen-
esis and sister-chromatid exchanges by nickel ions in V79 cells: evi-

Volume 102, Supplement 3, September 1994

EFFECTS OF METALS ON REPAIR IN POLYAMINE-DEPLETED CELLS

19.

20.

21.

dence for inhibition of DNA repair. Mutat Res 217:65-73 (1989).
Hartwig A, Beyersmann D. Comutagenicity and inhibition of
DNA repair by metal ions in mammalian cells. Biol Trace Elem
Res 21:359-365 (1989).

Hartwig A, Schlepegrell R, Beyersmann D. Interactions in nickel
mutagenicity: indirect mechanisms in genototoxicity and interfer-
ence with DNA repair. In: Metal Compounds in Environment and
Life, Vol 4 (Merian E, Haerdi W, eds). Wilmington:Science
Reviews, 1992;475-480.

Kleppe K, Osland A, Fosse V, Male R, Lossius I, Helland D,
Lillehaug JR, Raae AJ, Kleppe RK, Nes IF. Effects of polyamines
on enzymes involved in DNA repair. Med Biol 59:375-380
(1981).

55



